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I INTRODUCTION 

Many investigators have studied the dependence of the  ultra- 

sonic  attenuation and the  e las t ic  moduli  of superconductors on 

temperature,  external magnetic f ie ld ,  and ultrasonic  frequency. Most 

of the  studies  reported have  employed longitudinal waves. For weak 

coupling  superconductors,  the dependence  of the  ultrasonic  attenuation 

of longitudinal waves on temperature was found t o  agree with the 

Bardeen, Cooper, and Schrieffer (BCS) theory of superconductivity. 1 

This agreement was independent of the q L  value where q is   the  sound 

wave  number and L is  the  electron mean free p a t h .  The energy gap  

determined from th is  da ta  was i n  substantial agreement w i t h  the BCS 

theory. However,  anomalous behavior of the  ultrasonic  attenuation 

as a function of temperature has  been reported i n  s t rong coupling 

superconductors and also i n  niobium  which i s  an intermediate  coupling 

superconductor. In the  case  of  transverse waves for  qa<l , the  atten- 

uation  follows  the BCS prediction. For qa>l a rapid  fall  of the 

attenuation due t o  a shorting  out of the Meissner effect  has  been 

observed. The rapid f a l l   i s  followed by a more gradual  curve which 

agrees w i t h  the BCS prediction . 2 

For type I1 superconductors , extensive measurements of the 

magnetic f ie ld  dependence of  the  attenuation i n  the mixed s t a t e  have 
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a1 so been reported. These studies have principal  ly employed longi t u -  

dinal waves.  Rudnick e t  a1 . 3 ,  Gottlieb e t  a1.4, and Ikushima e t   a l .  5 

have investigated  the mixed s t a t e  of niobium using longitudinal waves. 

Their results have  been i n  quali tative agreement w i t h  the Maki6’7 

theory  of  ultrasonic  attenuation i n  the mixed s ta te .  The only  results 

for  transverse waves i n  n iob ium have  been by Rudnick e t  a1 . for one 

frequency and by Slotwinski8  for  the  ultrasonic propagat ion  direction 

perpendicular  to  the magnetic f ie ld .  

- ” ” ” 

The present  study was undertaken t o  investigate  the  temperature 

dependence of  the  ultrasonic  attenuation  for  longitudinal and transverse 

waves i n  niobium. Deviations from the BCS theory was investigated 

over a 1 arge  spectrum o f  frequencies and sample purit ies.  Included i n  

t h i  s study i s  an exami na t ion  of the  magnetic fie1 d dependence of the 

attenuation of shear waves i n  the mixed s t a t e  near  the upper c r i t i ca l  

f ield.  

Concurrent  with this investigation,  the  behavior o f  the 

e las t ic  moduli a t  the  superconducting  transition was studied. This 

portion  of  the  study was undertaken t o  accurately  determine  the 

variation i n  the   e las t ic  modul i i n  the normal  and superconducting 

s ta tes  of a type  I1  superconductor. 
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I1  THEORY 

Temperature Dependence o f   t h e  U1 t rasonic   At tenuat ion 

Ear l y   i nves t i ga t i ons   i nd i ca ted   t ha t   t he   u l t rason ic   a t tenua t ion  

decreased rap id ly   wi th   temperature below  the c r i t i c a l  temperature Tc. 

This was be l i eved   t o  be caused by  the  rapid  decrease i n  the  populat ion 

dens i t y   o f   t he  normal electrons.  Fol lowing  th is  suposi t ion,   the BCS 

theory  of   superconduct iv i ty  predicts  the  temperature dependence o f  

t he   u l t rason ic   a t tenua t ion   f o r   l ong i tud ina l  waves i n   i s o t r o p i c ,  weak 

coup1 ing  superconductors  to be 

1 

where as and an are   the   u l t rason ic  wave attenuations i n  the  super- 

conducting and normal s ta tes  respect ive ly ,  and F ( A )   i s   t h e  Fermi 

d is t r ibu t ion   func t ion   o f   the   tempera ture  dependent  energy gap A(T) .  

Th i s   re la t i on  was der ived  for   the case  where the phonon energy i s  

very  small compared wi th   the 0°K energy gap ~ ( 0 )  and f o r   t h e  1 imi t 

qa>>l.   Tsuneto  later showed t h a t   t h i s   e q u a t i o n   i s   v a l i d   f o r  

a r b i t r a r y  qa as long as the mean free  path i s   i m p u r i t y   l i m i t e d .  

9 

Equation 1 was der ived  for   longi tud ina l  waves, but  the  shear 

wave a t t e n u a t i o n   i n  some metals has been shown t o   a l s o  have the BCS 

temperature dependence fo r   qa<< l .  However, studies by  Morse e t   a l .  10 
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i n  t i n  and by C1 a i  borne and Morse” i n  a 

attenuation does not  follow BCS when qa>l 

just below the  transition  temperature and 

The fraction of the  total  attenuation a t t  
” 

uminum showed t h a t  the 

b u t  instead drops rapidly 

then  fa1 1 s more gradually . 
i buted t o  this  r a p i d  fa1 1 

attenuation was reported’ ’ t o  be a function  of q a .  Although the 

attenuation  decreased  rapidly  over a very narrow region  of  temperature, 

i t  was not  considered  discontinuous.  Claiborne and  Morse approached 

this  problem by d i v i d i n g  the  ultrasonic  attenuation i n t o  two tempera- 

ture  regions: a r a p i d  f a l l  region  near Tc, and a residual  region 

which obeys the BCS temperature dependence. The attenuation i n  the 

superconducting s ta te  as (T)  i s  written  as ar ( T )  below Tc,  and as 

a (T  ) + aE a t  Tc. aE i s  the amount of rapid fall   at tenuation  just  

below Tc,  and a r (T)  i s  the amount of attenuation remaining a t  tempera- 

ture T. The r a p i d  f a l l  region is  assumed to   resul t  from an electro- 

magnetic interaction  in which the  superconducting  electrons  are 

screened by the  ionic  cores. This interaction i s  a function  of qa; 

as qa  becomes larger  the r a t i o  aE/an(Tc) becomes 1 arger. However for 

q a < l  the  interaction becomes negligible. To take this interaction i n t o  

account Equation 1 was modified t o  read 

r c  

a 

a ( 2 )  = g 2 F ( a )  
n 

g is  the same parameter which appears i n  Pippard’sl‘  free  electron 

attenuation  expression  for  transverse waves. g i s  a function of q a  

and varies from 1 for low q a  values t o  0 for very large qa. Claiborne 

and Morse successfully  applied  this approach t o  their   results  for 

aluminum. I t  i s  important t o  note t h a t  they were limited t o  q a  values 
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between about .1 and 3.  

Later studies i n  aluminum  by  David e t  a1.13 for  higher  values 

of q a  indicated  that  although  the  rapid  fall  attenuation was a 

function  of qa ,  the  functional form predicted by Claiborne and  Morse 

d i d  not  agree w i t h  experimental data. Leibowi tz14 expanded the 

approach of  Clai borne and  Morse to  include  a deformation term to  

account for  real metal effects  not  considered i n  the  free  electron 

approximation of Claiborne and  Morse. In the Leibowitz formulation, 

g i s  replaced by  two terms:  a  collision  drag term  and a  deformation 

term. I n  the  free  electron  limit,  Leibowitz's approach reduces to 

the  Clai borne and  Morse treatment, and both models reduce to  BCS 

for  qa<l. 

Regardless of the  behavior  of the attenuation of shear waves 

near Tc,  the BCS expression was found to  agree w i t h  experimental 

results  at  temperatures well below Tc. Therefore,  the  zero  temperature 

energy gap A ( 0 )  can be determined; and the gaps determined are i n  

excel lent agreement w i t h  longitudinal wave measurements and energy 

gaps determined by other methods. 

Magnetic Field Dependence of the  Ultrasonic  Attenuation 

The BCS theory is  unable to  predict  the  behavior of the 

ultrasonic  attenuation  as  a  function of magnetic f ie ld  i n  type  I1 

superconductors. Maki6'7 proposed a mathematical model to  explain 

the ultrasonic  attenuation i n  the mixed s t a t e .  T h i s  theory was 
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devel oped for   the  reg ion  near  Hc2 for  qE>l. The behavior   o f   the 

at tenuat ion  near Hc2 i s  expected t o  be  a func t ion   o f   the   ang le  between 

the   d i rec t ion   o f   the   app l ied   magnet ic   f ie ld  and t h e   d i r e c t i o n  o f  

u l t rason ic  wave propagation.  This i s  expected  since  the  electrons 

associated  wi th   the  f luxo ids have a d i f f e r e n t   o r d e r  parameter  perpen- 

d i c u l a r  and p a r a l l e l   t o  them. This   d i f ference becomes impor tan t   a t  

frequencies above 100 MHz . The Maki formalism was extended  by  Kinder 

for   in termediate qa values. The Maki-Kinder  expressions  are as fo l lows:  

4 

a 
s(sa)  - y - - C2(Hc2-H) 

n 

where the  propor t ional i ty   constants  C1 and C2 

1 /2 

are   func t  

a 

a n 

temperature, qa, pu r i t y .  and angle between the  magnetic 

ions o f  

f i e l d   d i r e c t i o n  

and u l t rason ic  wave propagation.  For  large qa, the  Pippard  funct ion 

g(qa)  must be included as  shown by Eq. (4 ) .  The Maki-Kinder  slopes, 

C1 and C2, can  be determined d i r e c t l y   f r o m  measurements o f   t he  

a t tenuat ion   ra t io ,  aS/an. 

U l t rason ic  methods are  par t icu lar ly   usefu l   here  s ince  u l t rasonic  

waves penet ra te   in to   the   bu lk   o f   the   mater ia l  ; whereas, techniques 

involv ing  electromagnet ic waves penetrate  only  to  the  skin  depth.  

The d i r e c t i o n a l i t y   o f   u l t r a s o n i c   p r o p a g a t i o n  can be used to   s tudy any 

anisotropies.  Electromagnetic waves tend  to  average any anisot rop ies . 4 

Magnetization  techniques  also  provide a usefu l  means o f  

studying  the  bulk  propert ies  of  superconductors.  Figure 1 shows a 

6 



comparison o f  the  magnetization and the  ultrasonic  attenuation i n  the 

mixed s ta te ,   i l lust ra t ing  the  greater   sensi t ivi ty  o f  the  ultrasonic 

attenuation i n  the mixed s t a t e  near the c r i t i ca l   f i e ld .  For this 

reason,  ultrasonic  attenuation measurements  can provide  accurate 

information on the  details  o f  the mixed s ta te .  An i l lustrat ion 

o f  the  value o f  ultrasonic measurements i s  the observed  anisotropy 

o f  Hc2  by Slotwinski . Slotwinski's results are shown i n  Figure 2. 

The anisotropy was determined t o  be approximately 3 per cent o f  the 

value o f  Hc2. 

8 
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I11 EXPERIMENTAL PROCEDURE 

Sampl e  Preparation 

The acoustic specimens were cut from two different  single 

crystal boules which  were 7 mm. and 9 mm. in  diameter. The samples 

were oriented  within 0.2" of the  [llO]  direction u s i n g  the Laue 

backscattering method. For this orientation  the  three independent 

waves corresponsing t o  the  el  as t ic  constants CL , C44, and C '  can 

be studied. The samples were cut on a spark cut ter  and carefully 

hand lapped so t h a t  the  faces were parallel t o  better t h a n  f ive 

microns. Sample A had a length of 1.73 mm. and  a diameter  of 7 mm. 

Sample C had a length of 11.4 mm.  and a diameter  of 7 mm.  Sample 

B was 9.35 mm. long and 9 mm. i n  diameter. Sample D was also  cut 

from the 9 mm. boule, b u t  th is  time two parallel [ loo]  faces were 

lapped. These faces were 5.30 mm. a p a r t .  Most of the h i g h  frequency 

attenuation d a t a  was taken  using Sample A i n  order t h a t  the  total 

range of the  attenuation change would  be within  the dynamic range o f  

the  receiving system. The larger samples were  used for  the 1 ow 

frequency attenuation and velocity measurements. 

The samples were treated by an ox ida t ion  annealing  process. 

In this  process,  the samples were f i r s t  heated for  several hours i n  

an oxygen atmosphere of 10'' Torr t o  a temperature below the 

ignition  temperature of carbon monoxide. The  oxygen  combined with 
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the carbon impurities i n  the niobium sample. The sample was then 

heated i n  a vacuum exceeding lo-’ Torr t o  w i t h i n  100°C of the 

melting  point of n iob ium.  The carbon monoxide outgassed from the 

sample as d i d  any oxygen, hydrogen, or nitrogen  trapped i n  the sample. 

Visible  outgassing ceased af te r  six hours. However, the samples 

were heated for  ten hours t o  insure maximum removal of  impurities 

and then  cooled to  room temperature. The long heating  period a1 so 

relaxed  strains i n  the  crystal. The samples were no t  relapped so 

t h a t  new strains  were not  introduced. The samples were stored  in 

l i q u i d  nitrogen t o  p r o h i b i t  oxidation and t o  inhibit  gases such a s  

hydrogen from entering  the sample. 

The oxidation anneal i n g  process was found t o  increase  the 

mean free p a t h  i n  Sample A by 2 and i n  Sample B by 4. To date,  

measurements were n o t  made on Sample C a f t e r  annealing. The residual 

resistance r a t i o  was estimated t o  be about  400 i n  Sample A and 150 

in Sample B. 

An additional  benefit of the anneal  ing process was the 

elimination  of  the  trapped  flux  effect.  This  occurs  after  the sample 

has  been subjected t o  a magnetic field  greater t h a n  the lower c r i t i ca l  

f ie ld .  Flux i s  trapped i n  the sample by circulating  currents through 

mu1 t i  ply  connected  regions.  This i s  observed as a residual  attenuation 

o r  hysteresis  in  the  attenuation  versus magnetic field  plots.  Before 

annealing,  the  trapped  flux  effect was observed to  be ab0u.t 10 per  cent 

of the  total  attenuation change. After  annealing,  the  trapped  flux 
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effect  was not  observable a s  determined by the  lack  of  hysteresis i n  

the  attenuation  versus  magnetic  field  plots. 

Attenuation Measurements 

The ultrasonic  pulse echo technique was used t o  study  the 

attenuation of ultrasonic waves. Attenuation measurements were  made 

by observing  the change i n  pulse ampl i  tude of the  acoustic  pulse  as 
a function  of  applied magnetic f i e ld ,  sample temperature, or ultra- 

sonic  frequency. A schematic diagram  of the system used i n  attenuation 

measurements i s  shown i n  Figure 3. A Matec pulsed osci l la tor  produced 

the  acoustic  pulses by exciting a quartz  transducer o f  10 MHz 

fundamental frequency. The acoustic  signal was transmitted t o  the 

niobium sample through a t h i n  layer of Dow Corning 200 fluid.  After 

the  acoustic wave had propagated through the sample, i t  was received 

by a similarly bonded transducer a t  the  opposite  face of the sample. 

The electrical  signal from the  receiving  transducer was  mixed i n  a 

L E L  mixer-preamp with  the  signal from a Hewlett-Packard local 

osci l la tor  which was adjusted t o  plus or minus  60 MHz of the Matec 

pulsed osci l la tor .  An LEL 60 MHz i . f .   s t r i p  ampl ified  the  signal 

completing the hetrodyne circui t .  The detected  signal,  in  the form 

of one t o  two microsecond wide pulses, was displayed on a Hewlett- 

Packard Model 175 A oscil l  oscope which produces a D.C .  signal propor- 

tional t o  the  height of any given  echo. The D . C .  o u t p u t  s i g n a l  was 

then applied  to a Brookdeal phase sensitive  detector. The variation 

i n  the  attenuation  in dB was calibrated using a Hewlett-Packard 
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Model 606 D which contained a calibrated  piston  attenuator. T h i s  

output was applied t o  the same electronics as the  received  acoustic 

pulse, thus compensating for  any nonlineari  ties i n  the  receiver 

amp1 i f i ers . 
The system was controlled by a sequential  gating  logic  circuit 

which provided trigger  pulses t o  c i rcu i t  components and a reference 

signal t o  the phase sensitive  detector15. The system t i m i n g  was 

arranged on two t i m i n g  gates. On Gate A the Matec pulsed  osci 1 l a tor  

was triggered, and on Gate B the comparator pulse was triggered. 

The Hewlett-Packard oscilloscope was triggered on every  gate. The 

system was arranged so t h a t  Gate A could occur  several  consecutive 

times  then Gate B would occur  the same  number of times.  This  permitted 

the  osci 1 loscope circui t ry  t o  charge to  the  value  corresponding t o  

each gate. For example, Gate A could  occur twice,  then Gate B would 

occur  twice a g a i n ,  and so on. The logic system included an adjustable 

pulse  delay  circuit  for  positioning  the comparator  pulse a t  the 

desired echo and an adjustable  pulse-delay  circuit  for blanking  the 

local  oscillator d u r i n g  the time the Matec pulsed-oscillator  operated. 

This  prevented  overdri vi ng the  receiver. The system permitted 

relative  attenuation  calibration t o  better than 0.2 db .  

Velocity Measurements 

A continuous wave (cw) method was used i n  the  study of 

ultrasonic  velocity changes16. Measurements  were taken by recording 

the change i n  frequency of the continuous-wave osci l la tor .  This can 
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be related  to the change i n  velocity  as a  function o f  magnetic f ie ld  

or  temperature. A schematic diagram o f  the system used i n  velocity 

measurements is  shown i n  Figure 4.  The continuous-wave output of a 

Hewlett-Packard Model 608 F osci l la tor ,   s tabi l ized by a Hewlett-Packard 

Model 8708 A synchronizer, was applied t o  a  composite resonator o f  

length L made up of  a transmitting  quartz transducer-niobium sample- 

receiving  quartz  transducer. Corresponding t o  this  resonator , there 

existed a  spectrum  of mechanical resonances wn separated by 

f = fn+l - f n  = :L where v is the sound velocity, and quality  factors  are 

Q = wn/2a where cc is the  acoustic  attenuation i n  inverse  seconds. 

Superimposed on the mechanical resonance  spectrum was the frequency 

response o f  the  quartz  transducers. 
4 

An integral number of half-wave lengths of  sound  were necessary 

for the system to be i n  mechanical resonance, i . e . ,  L = n - where AO 
2 

x. = - vo . The zero  subscripts  indicate  zero magnetic f ie ld  or in i t i a l  
fO 

temperature.  If  a magnetic f ie ld  was applied  to  the sample or the 

temperature of the sample was varied,  the  velocity of the  acoustic 

wave  was changed to  v = vo + 6v ,  and the system was  no longer i n  

mechanical resonance. The frequency was changed to  f = fo  + sf t o  

again  achieve  resonance. The above expressions  result i n  6v = h 0 6 f  

or - - -  sv - sf The change i n  velocity  can,  therefore, be measured by 

determining the change i n  frequency  required t o  b r i n g  the system 

back t o  resonance. 

v f .  

The curve of received  signal amp1 itude  versus  frequency for 

longitudinal waves in niobium a t  77°K is shown i n  Figure 5. Each 

12 



mechanical  resonance peak  has  a width  given  by  the Q o f   t h e   c i r c u i t   a t  

that   f requency.  Referr ing  to  Figure 5, i f  the rf osc i l la to r   f requency  

modulated  by a 200 Hz audio  signal was adjusted  to  some frequency 

s l igh t ly   h igher   than wn, the  received  s ignal  would be amplitude 

modulated a t   t h e  200 Hz frequency  with an  ampl i tude  dependent on the 

s lope  o f   the  resonance a t  w . l 7  The amplitude  modulation  would be 180" 

o u t   o f  phase w i th   t he  FM s ignal  ; t h a t   i s ,  when the FM signal  deviated 

t o  a higher rf frequency,  the  amplitude  would  decrease, and  when the 

FM s ignal   deviated  to a lower rf frequency,  the  amplitude  would  increase 

If u were l ess  tha,n wn, the ampl i tude  modulation would be i n  phase 

wi th   the FM s ignal .  If w = w the rf c a r r i e r   i s  modulated a t  some 

even m u l t i p l e   o f  200 Hz. This  argument assumes  a continuum  about 

w To achieve an approx imat ion  to   th is   condi t ion,  a modulation  index 

of   approx imate ly   ten was used. This  permit ted  several   orders  of   s ide 

bands t o   l i e   w i t h i n   t h e  rf frequency  deviat ion. 

n' 

n' 

I n   t h i s  system, the  frequency  modulated rf signal was adjusted 

t o  wn. The received  amplitude and frequency  modulated rf s ignal  were 

amplitude  modulation  detected. The phase o f  the  resul t ing  audio 

s ignal  was ampl i f ied  and  compared t o   t h e   o r i g i n a l  phase sh i f ted  audio 

s ignal   using a phase sensi t ive  detector.  The ampl i f ier   incorporated 

f i l t e r s   t o   r e j e c t  a1 1 but   the  fundamental  audio  frequency. The 

or ig ina l   audio  s ignal  was phase s h i f t e d   t o  be i n  phase ( o r  180" ou t  

o f  phase) wi th   the  detected fundamental  audio  signal. When the rf 

o s c i l l a t o r  was adjusted  to  wn, the phase sens i t i ve   de tec tor   ind ica ted  

zero   de f lec t ion .   Th is   permi t ted   p rec ise   loca t ion   o f   the  resonance 

peak. If the  magnetic f i e l d   o r  temperature was var ied,   the  veloci ty 
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of sound i n  the sample would change, and the resonance peak  would shift 

resul ti ng i n  the r f   ca r r i e r  becoming  ampl i tude  modulated. An error 

signal  proportional  to  the phase sensit ive  detector 's  o u t p u t  would indicate 

the  direction o f  this resonance peak sh i f t .  The o u t p u t  of the phase 

sensit ive  detector t h r o u g h  a correction ampl i f i e r  provided a vol tage 

to  the Hewlett-Packard 608 F to  change the  frequency. This arrangement 

enabled the  frequency t o  be adjusted t o  follow  the  resonance peak. 

A general Radio Model 1191 B frequency  counter and a General Radio 

Model 1136 digi ta l   to  analog  converter provided a means o f  automatically 

recording  the  frequency changes as a function of  magnetic f ie ld  on a 

Fiosely X - Y  Chart  recorder. 

Magnet 

f i e  

con 

The magnetic f ie ld  was provided by a 12" Harvey  Wells 

electromagnet. The  power supply of the  electromagnet was controlled 

by a  magnet  sweep generator which  a1  lowed the f i e ld  t o  be swept 

linearly  in time from 0 t o  14 kilogauss i n  one half  kilogauss  increments. 

Sweep times o f  one kilogauss  per minute were  found acceptable. The 

magnet  sweep generator provided a voltage from the Hall probe magnetic 

field  detector  for d r i v i n g  the X-axis of the X - Y  chart  recorder. A 

Rawson rotating  coil gaussmeter accurate t o  . l  per cent was used for  

f ie ld   cal ibrat ion.  The X-axis  of the chart  recorder was of fse t  t o  

achieve a resolution of 5 gauss  per mil 1 imeter on the  recorder  for 

and Hc2. 

l e  was cooled from the normal t o  the super- 

applied magnetic f i e ld .  Since  the magnet 

I d  values between Hcl 

The niobium samp 

ducting s t a t e  i n  zero 
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had  a residual magnetic f ield of approximately 30 gauss,  coils were 

attached  to the poles  to  permit  variable  cancellation of fields of 

p l u s  or m i  nus 40 gauss. The lowest range on the gaussmeter was the 

100 gauss scale. The residual  field could be adjusted t o  zero  gauss 

w i t h i n  one gauss. 

Sampl e Holder 

The design of the sample holder was found to  be c r i t i ca l   for  

the  velocity and temperature measurements. The sample holder was of 

the same design as others  previously used in this laboratory. 

In order t o  have meaningful temperature measurements, i t  

was necessary to  have the sample and thermometer i n  good thermal 

contact. To accomplish this ,  the sample was thermally anchored 

to  the bottom block o f  the sample holder by a .25" wide  and  .010" 

thick copper strap. The  s t rap  was tightly  fastened by a s p r i n g  

loaded  arrangement  about the sample or about the  quartz  delay rod 

for Sample A. The other end of the strap was securely bo1 ted  to 

the bottom plate. The  bottom section of the sample holder was  made 

of an aluminum alloy  selected  for good thermal conductivity a t  

l i q u i d  helium temperature. The thermometers were located  less 

than .2" from the sample. The  thermometers were  mounted u s i n g  GE 

heat  varnish i n  the bottom section around  which the  heater was 

wound noninductively u s i n g  Evan-ohm resistance  wire. The close 

proxirni ty  of the  temperature  control 1 e r  thermometer to  the  heater 

reduced the delay time between heat i n p u t  and temperature change. 

15 

"" L . . .  



T h i s  reduced the  possibility  of  the  temperature  control system thermally 

oscil lating. 

Prevention o f  interelectrode  electromagnetic  coupling w i t h i n  

the sample holder was found necessary  for meaningful velocity measure- 

ments. Since a continuous-wave signal was used, the  receiver and 

transmi t t e r  leads were electr ical ly   isolated i n  order  to reduce 

leakage.  If a leakage  signal was present,  the  total  received signal  

would  be a vector sum (using a phasor description) of the  electrical  

signal  converted from acoustic waves plus  the  leakage signal  a t  some 

angle w i t h  respect  to  the  acoustic-electric  signal.  If  the tempera- 

ture of the sample or  the  external  fie1 d were changed, the  strength 

of the  received s igna l  would change (the  length of the phasor would 

change).  Since  the  total  received  signal depends on the magnitude 

and angle o f  the components, the  leakage  signal can resu l t  i n  fa l se  

values  for  the magnitude of  the  velocity change. Incorrect  directions 

of change  can resul t  i f  the  leakage signal  i s   l a rge  enough. A complete 

mathematical analysis of the problem of leakage i s  described i n  the 

Appendix. 

The sample holder was, therefore, modified t o  reduce  leakage, 

The transducer  contact  buttons were depressed flush with the sample 

holder  surface. The sample was grounded by a copper strap.  In 

addition, copper washers were placed a round  the  outside edge o f  the 

transducers such t h a t  they were i n  contact w i t h  the sample and the 

sample holder  (the  transducer's  diameter was less  t h a n  the  inside 

diameter  of  the  copper  washer). The copper washers were wired t o  
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e l e c t r i c a l  ground.  Indium  O-rings  were  soldered t o   b o t h   f l a t   s u r f a c e s  

o f  each  copper  washer. The indium was pressed f l a t  between the washer 

and the sample holder  surface when the sample holder was assembled. 

The transmit ter ,   receiver  t ransducers,  and contact  buttons were thereby 

iso la ted .  The r e s u l t   o f   t h e  above technique was t h a t   t h e   e l e c t r i c a l  

s ignal  measur'ed between resonant peaks was less  than 2 per   cent   o f  

the   s igna l  on the  resonant peak a t  10  and 30 MHz. Before  these 

precautions were  observed,  the r a t i o  was 10 per   cent   to  30 per  cent. 

Temperature  Control 

The low  temperatures and accurate  temperature  control  required 

f o r   t h i s  experiment were obtained by the  cont ro l led  evaporat ion  o f  

l i qu id   he l i um and heating  the sample. The sample holder was placed 

i n  an Andonian s ta in less   s tee l  dewar. He1 i um gas was th ro t t l ed   ove r  

the sample thereby  using  the  heat  capaci ty  of   the gas  and the   l a ten t  

hea t   o f   vapor i za t i on   o f   t he  he1 i urn to  cool   the sample. The sample 

zone o f   t h e  dewar was is01  ated  from  the he1 ium reservo i r .  The 

pressure i n  the sample zone could be varied  from 760 m. t o  30 

microns  using a  Duo-Seal r o t a r y  vacuum  pump. The t h r o t t l   i n g   r a t e  

and pumping rate  determined  the base temperature o f   t h e  sample which 

could be varied  from  about 1.8"K t o  room temperature. 

The temperature  could be var ied above the base temperature 

by  applying  heat  to  the sample using a Cryogenics Research TC-101 

temperature  control ler .  A Germanium res is tance thermometer supplied 

by  Cryocal , Inc. was used as  one s ide o f  a b r i d g e   c i r c u i t   i n   t h e  
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temperature  control 1 er. The reference  side  of  the  bridge was a 

calibrated  variable  resistor. The error  signal from the  bridge 

control  led a servo motor  which control  led  the  current  supplied t o  a 

heater on the sample holder. By adjusting  the  reference  resistor 

the amount of heater  current could be changed thereby changing the 

temperature of the sample. 

The  Germanium resistance thermometer used i n  the  temperature 

controller was calibrated u s i n g  a four-terminal  resistance  technique 

against a standard Germanium thermometer supplied by Andonian 

associates. Both thermometers were cooled t o  1 ow temperatures, and 

the  reference  resistor  setting  of  the  temperature  controller  versus 

the  temperature was recorded  using the s tandard  thermometer t o  

determine  the  temperature. A computer program of a power ser ies  

expansion of temperature  as a function of resistance provided a 

tabulation of temperature  versus  temperature controller  sett ing.  

The temperature of the sample was determined u s i n g  a second 

Germani um resistance thermometer independent of the  temperature 

controller. This thermometer was calibrated between  1.5"K and 20°K 

by the  manufacturer, Cryocal , Inc. The temperature  controller 

thermometer had a resistance of approximately 250 ohms a t  4.2"K 

while  the  resistance of the second thermometer was approximately 

1,000 ohms a t  4.2'K. Since  the power dissipated i n  the thermometer 

was limited t o  a microwatt,  the  current through the thermometer was 

limited t o  10 microamps a t  4.2'K and 20 microamps near  the 
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transit ion temperature of niobium. The h ighe r  resistance thermometer 

provided a  more accurate  determination of the temperature  near  the 

transition  temperature. The lower resistance thermometer was better 

suited  to  the  temperature  controller  operation i n  the region 2°K 

to  10°K. This resistor  permitted  control o f  temperature  over this 

range using a single  scale on the  temperature  controller. In order 

to determine  the  temperature  of  the sample, the  resistance of the 

second thermometer was measured u s i n g  a constant  current  source 

supplied by Keithley  Instrument Corp.  and  a  Data  Technology digi ta l  

voltmeter. The temperature was determined from a calibration  table. 

The constant  current  source was s table   to  .02 per cent of the 

reading, and the  digital  voltmeter  permitted  readings  accurate t o  

plus  or minus  two microvolts.  Since  the sample was i n  good thermal 

contact w i t h  the thermometers, the  temperature o f  the sample was 

known to  plus  or minus  20 millidegrees. 

Using the second thermometer i t  was found that  the  temperature 

controller maintained  temperatures well w i t h i n  20 millidegrees. The 

variable  resistor i n  the  temperature  controller  consisted of a course 

selector switch and  a ten-turn  potentiometer.  If  the temperature 

was changed u s i n g  the  course  switch and the  ten-turn  potentiometer 

setting was not  disturbed,  the temperature was reproducible w i t h i n  

20 millidegrees. Backlash i n  the  ten-turn  potentiometer reduced 

reproducability  to 100 millidegrees when this control was changed. 

19 



Temperature Dependence of 

IV  RESULTS AND DISCUSSION 

the  Attenuation 

as a function A typical  plot of the  ultrasonic 

of  temperature i s  shown i n  Figure 6. Be 

a ttenua t i  on 

low the  critical  temperature, 

Tc,  the  attenuation i n  the normal s ta te   r i ses   s l igh t ly  reaching a 

constant  value,  an(0). The normal curve was obtained by applying a 

magnetic field  greater t h a n  t h a t  required t o  destroy  superconductivity. 

For h i g h  purity  crystals,   an(0) is a function of magnetic f ie ld  due 

t o  the  magnetoacoustic effect .  In this study  an(0) changed only for 

f ie lds  much greater t h a n  those  required t o  make niobium normal. The 

attenuation i n  the  superconducting s ta te   fa l l s   rap id ly  and approaches 

a constant  value aSO for  T<Tc/4. aso represents  the  attenuation caused 

by mechanisms other t h a n  interactions w i t h  electrons.  Therefore,  the 

difference between a measured a and aso represents  the  contribution 

due t o  the conduction electrons. 

A study of an for  T<Tc/4 as a function  of  frequency can be 

used t o  compare relative sample purit ies.  The attenuation due t o  

electrons i n  a normal metal i s  proportional t o  frequency  squared 

and the  electron mean free p a t h  i n  the  region  qa<<l. For qa>>l 

the  attenuation changes t o  a l inear dependence on frequency and i s  
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independent  of the electron mean free path.  Figures 7 ,  8,  and 9 

show log an versus log f for  longitudinal waves  and f o r  two transverse 

waves corresponding t o  C' and C44. All  waves were propagated i n  the 

[llO] direction. For  low frequencies the frequency  squared dependence 

o f  the attenuation is clear ly  seen. 

Since the attenuation depends on q R i n  the region  qR<<l,  for 2 

a given  propagation  direction, mode,  and frequency the r a t io  of an 

fo r  two samples  provides the rat io   of  the electron mean free paths. 

Figure 10 i s  a plot  of  log an versus  log f for  Sample A and for  a 

sample used by Perz and  Dobbs18. Direct comparison indicates  that 

Sample A i s  approximately 30 per cent better than tha t  used by Perz 

and  Dobbs.  Sample B was determined to be about one t h i r d  as 

good as Sample A .  The residual  resistance  ratio  of the sample used 

by Perz and  Dobbs  was estimated  to be 300. T h u s ,  the   ra t io   for  

Sample A would be about 400, and for  Sample B i t  would  be about 150. 

Figure 11 is  a plot  of an versus f for  longitudinal waves i n  2 

Sample A.  This c lear ly  shows tha t  the attenuation  departs from a 

frequency  squared dependence  above 500 MHz. This frequency  corresponds 

to  q 2  values  of the order  of 1 and  an electron mean f r ee  path l e n g t h  

of  approximately 0.002 mm. Referring t o  Figures 8 and 9,  the attenu- 

ation  of the transverse modes departs from a frequency  squared 

dependence a t  approximately 270 MHz and 170 MHz for  C '  and C44. This 

frequency a1 so corresponds to  a q 2  value  of the order  of 1  because 

the q value  of the shear wave is  higher for  a given  frequency. 
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Typical plots of the reduced ultrasonic  attenuation o f  longitu- 

dinal waves versus reduced temperature are shown i n  Figure 12. The 

plots  are  for Sample A a t  a h i g h  frequency and Sample B a t  a low 

frequency p r o v i d i n g  a wide range of qa  values. Both  curves  display 

a rapid f a l l  immediately below Tc when compared w i t h  the BCS curve. 

For 1 arger q a ,  the  deviation from the BCS curve  appears t o  be 

greater. 

A typical  plot of reduced attenuation  versus  temperature 

i s  shown in  Figure  13 for  the  propagation mode corresponding t o  C ' .  

The reduced attenuation of a wave corresponding t o  C44 behaves 

similarly and i s  shown i n  Figure 14. For all  frequencies  note  the 

rap id  fa1 1 region fo l l  owed  by a more gradual  decrease i n  the 

attenuation. 

For both longitudinal and transverse waves, the  ultrasonic 

attenuation  as a function o f  temperature  agrees w i t h  BCS sufficiently 

well a t  temperatures much less t h a n  T, t o  obtain an energy gap.  As 

suggested by Perz ,19 Equation 1 for  the  ultrasonic  attenuation  as a 

function of temperature can be rearranged t o  the form 

where t = T/Tc , the reduced temperature , and A* = A ( T ) / A ( O ) ,  the 

reduced  energy gap  parameter. The temperature dependence of the energy 

gap was assumed t o  follow  the BCS theory a t  1 ow temperatures. A is 

related t o  the  value of the 0°K energy gap by 
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A typical p l o t  of [an(, - 1)I- l  versus t / A *  is  shown i n  Figure 
S 

15  for  transverse waves. When plotted i n  this manner the curve should 

pass  through the o r i g i n .  The points  near  the o r i g i n  are very sensit ive 

to  the  value chosen fo r  aso, and a may be adjusted a few tenths of a 

dB for  a best f i t .  The slope of these  lines a t  low temperatures is  A. 

The energy gaps for  various  directions were found t o  be w i t h i n  

experimental error  and independent  of the mode i n  agreement w i t h  those 

reported by Perz and  Dobbs18 for  longitudinal waves.  Note that  the 

curve is  l inear  to about .7 Tc. 

so 

As shown i n  Figure  15,  the  curves may  be 1 inearized t o  .9 Tc 

i f  an  is reduced by a certain amount  of rapid fall   at tenuation and i f  

the  value of an is s e t  equal t o  a constant  given by an(Tc) minus the 

rapid fal l   a t tenuat ion  a t  Tc. The resulting f i t  t o  BCS i s  shown i n  

Figure 16. This method of analyzing  the  data is  similar t o  the 

approach used i n  AJ by Claiborne and Morse.” As mentioned before, 

this rapid fall   at tenuation is related t o  an electromagnetic  interaction 

which should only be present  for  transverse waves w i t h  q o l .  Both our  

transverse and longitudinal wave attenuations could be f i t  t o  the BCS 

expression u s i n g  this type of analysis even though  qn. was no t  greater 

than one for  the  transverse  case. The theory should  n o t  even apply for  

the longitudinal  case. The resul ts  of t h i s  type o f  analysis  for our 

data is  presented i n  Table I .  As will be discussed l a t e r ,  a more 

applicable method  has  been developed t o  explain  the observed deviations 

of the  attenuation from the BCS theory. 
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Mode 

cL 
cL 

C '  
C '  
C '  
C '  
C '  
C '  

c44 
c44 
c44 
c44 

1 50 
450 

70 
90 

21 0 
290 
330 
41 0 

50 
92 

153 
21 2 

1.77 
1.84 

1.85 
1.79 
1.85 
1.89 
2.00 
1.89 

1.77 
1.89 
1.89 
1.90 

TABLE. I 
SUMMARY OF  ATTENUATION  DATA 

Rapid  Fal l  
A t tenuat ion  

2 dB 
3 dB 

3 dB 
2 dB 
2 dB 
2 dB 
4 dB 
6 dB 

1.3 dB 
0.8 dB 
3.0 dB 
4.0 dB 

15.0 
14.2 

19.7 
12.7 
11.5 
17.5 
22.0 
38.2 

15.6 
7.7 

18.8 
31.2 

Rapid  Fal l  
Atten./an(Tc) 

.13 

.21 

.15 

.16 

.17 

.ll 

.18 

.16 

.08 

.10 

.16 

.13 

Sample 

B 
A 

B 
B 
A 
A 
A 
A 

B 
A 
A 
A 

9.50 
9.20 

9.34 
9.26 
9.30 
9.26 
9.33 
9.22 

9.26 
9.30 
9.33 
9.33 



As pointed  out ear l ier ,   the  BCS theory is valid i n  the  case o f  

longitudinal waves for   q$>>l .  In this region,  the  attenuation i n  the 

normal s t a t e  is independent of the mean f ree  p a t h .  Since  the 

attenuation i n  the  superconducting s t a t e  is given by as = 2Fan, as 

simply exhibits  the  temperature dependence of the Fermi-Dirac d i s t r i -  

bu t ion  function, F ( A ) .  Tsuento has extended the BCS theory  to 9 

arbitrary q a  values b u t  assumes t h a t  the mean free pa th  is impurity 

1 imi ted. For this  case  the% an i s  again  temperature  independent 

regardless of the qn. value. In our studies a substantial  temperature 

dependence of the normal state  at tenuation was observed for  Sample A ,  

(Figure 16)  and a smaller  temperature dependence was observed for 

Sample B (Figure 6 ) .  T h i s  indicates t h a t  i n  bo th  samples the mean 

free p a t h  is phonon limited  near Tc and becomes impurity  limited a t  

approximately 4°K. T h i s  behavior of the normal state  attenuation 

may  be  compared t o  resul ts  obtained by other  investigators who have 

made attenuation measurements i n  n iobium.  

Weber2'  has reported t h a t  for  measurements on his sample u s i n g  

longitudinal waves the  attenuation was proportional t o  the  frequency 

squared below 130 MHz. A t  30 MHz, the normal state  at tenuation 

exhibited a large  temperature dependence and the  attenuation i n  the 

superconducting s t a t e   f e l l  much fas te r  t h a n  BCS. However, a t  220 MHz 

w i t h  q o l ,  the normal state  attenuation was independent of temperature 

and the  attenuation i n  the  superconducting state  closely followed 

BCS behavior. 
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The measurements of Tsuda  and Suzuki21 on a sample of RR 830 

a l s o   a t  30 MHz showed a large  temperature dependence i n  the normal 

s t a t e  and  a  more rapid fa l l   o f f  than BCS i n  the  superconducting 

s ta te .  Their data on this sample is shown i n  Figure  12. For the i r  

impure sample, the  attenuation was found t o  follow BCS behavior. 

Based  on the  large  value of Hc2 l i s ted   for  this sample  compared with 

those  obtained i n  the  present  study and the known dependence of Hc2 

on crystal  purity,*' i t  is believed that  this  crystal  has  a smaller 

mean f ree  path  than any  employed i n  this study and therefore one 

expects  the mean f ree  p a t h  t o  be impurity limited. Thus the 

attenuation i n  the normal s t a t e  is expected t o  be independent  of 

temperature for   arbi t rary q a  values and the  attenuation should and 

does follow BCS. 

* While the samples employed by Tsuda  and Suzuki  1 i ke our 

own, were carefully  annealed, i t  is  worthwhile  pointing out  that   the 

direction o f  propagation i n  the i r  samples deviated from the  [llO] by 

4". Kadanoff and PippardP3 have recently  pointed o u t  that  quasi- 

longitudinal waves  which could be generated i n  this  case,  can exhibit 

a fa1 1 off  faster than BCS. T h i s  , however, will no t  account for  our  

own resul ts  nor the BCS behavior  obtained by Tsuda  and Suzuki on 

their  impure crystal .  

Perz and  Dobbs18 obtained resu! t s   f o r  a  sample o f  comparable 

purity t o  Sample A a t  290 MHz i n  agreement with our resul ts   for  

longitudinal waves. The  normal state  at tenuation was temperature 

dependent and a r a p i d  f a l l  i n  the  attenuation below Tc was obtained. 
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In  any case, independent  of the qa value and the sample purity,  the 

attenuation below  Tc/2 does follow BCS and energy  gaps of 1.8 KTc f .1 

were obtained. 

Levy " e t  a1 .24 have studied the attenuation of shear waves 

i n  a very impure  niobium crystal compared w i t h  Sample B. The 

attenuation i n  the normal s t a t e  was temperature  independent and the 

attenuation i n  the superconducting s t a t e  followed BCS. They also 

obtained a value of the energy gap  which is i n  agreement w i t h  the 

value  obtained w i t h  longitudinal waves. 

Our own studies w i t h  shear waves  show effects  which are 

simi l a r  t o  those  obtained  with  longitudinal waves. For the range 

of q a  values employed, the  attenuation i n  the normal s t a t e   i s  temperature 

dependent as seen i n  Figure  16. The attenuation i n  the superconducting 

s t a t e  always fa l l s   o f f   fas te r  than BCS. Since q a  has values  estimated 

to be between 0.1 and 2 in this study,  the  function g ( q a )  is essentially 

unity. Thus  the formalism employed by Claiborne and Morse" to  explain 

the  rapid  fall  off  in  the  shear wave attenuation of A1 is  not applicable. 

Because  of the  similarity i n  the behavior of both longitudinal and 

shear wave attenuations, and because of the low q a  values  used, one 

cannot ascribe  the  rapid  fall  off near Tc to an electromagnetic 

interaction i n  which the superconducting electrons  are screened by the 

ionic waves. 

The resul ts  obtained i n  niobium are very similar  to the effects 

observed by Fate, Shaw and SalingerZ5 i n  lead. The important  features 

to  note  are: (1 )  when the mean free path is phonon 1 imi ted and qn. 
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i s  l ess  than  one, aS/an deviates from BCS behavior and exhibits a q a  

dependence. The deviation is greater for larger qa  values. (2)  When 

the mean free pa th  i s  phonon-limited and q a  i s  much greater t h a n  one, 

aS/un is  independent  of q a  and closely  follows  the BCS prediction. 

( 3 )  When the mean f ree  path is  impurity  limited  over  the  entire 

temperature  interval from Tc t o  0 K, uS/an is independent of q a  

for  all  values of q a  and also  follows  the BCS behavior. 

The da ta  i n  Figure 16 clearly shows t h a t  the  attenuation i n  

the norma7 s t a t e  is phonon limited t o  about 4 K where i t  becomes 

impurity  limited.  Since  the  effective mean free pa th  a t  Tc is   smaller 

than  the  impurity 1 imi ted mean free p a t h ,  the  attenuation, which i s  a 

function  of 9. unless  ql?>>l , is less.  By adding  this  temperature 

dependent difference t o  the normal s t a t e  and  t o  the  superconducting 

s t a t e  much closer agreement  with BCS i s  obtained. This assumes t h a t  

the phonon-limited mean free p a t h  and i t s  temperature dependence is  

the same i n  b o t h  the  superconducting and normal s ta te .  

Fate " e t  a1 .25 suggested t h a t  the  phonon-limited mean f ree  p a t h  

is smaller i n  the  superconducting s t a t e  than  i n  the normal s ta te .  T h i s  

accounts for  the q a  dependence observed when the mean f ree  p a t h  is 

phonon-limited and would bring  the  corrected d a t a  discussed above i n  

closer agreement w i t h  the BCS predictions  since  the  correction must be 

larger  for  smaller mean free  paths.  Recently, Leibowitz e t   a l .  

have reported  attenuation measurements of h i g h  frequency  shear waves 

near Tc in an extremely pure niobium crystal .  The attenuation  ratio 

26 
-_  
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was found t o  be frequency dependent and the  dev iat ion  f rom BCS behavior 

was exac t ly   oppos i te   to  what one would  expect  from  the  electromagnetic 

interact ion  formal ism.  That  is ,  as a t  30 MHz dev ia tes   subs tan t ia l l y  

from BCS wh i le   t he  270 MHz data, where he estimates  qa i s  10, fo l lows 

BCS more c lose ly .   For   th is  qa  value,  one  expects  the  attenuation t o  

be independent o f  mean f r e e   p a t h   w h i l e   a t  30 MHz the  a t tenuat ion i s  

s t i l l  a f unc t i on  o f  a which i s  phonon-limited. Thus Leibowitz 's 

resu l t s   a re   cons i s ten t   w i th   t he  mean free  path  formalism  discussed 

above. 

It should be po in ted   ou t   tha t   the   rap id  f a l l  associated  wi th 

the  e lectromagnet ic  interact ion  should  apply  for  qa values much greater  

than one where the  at tenuat ion i s  independent o f  mean free  path.  Only 

than can a deviat ion  f rom BCS behavior  be  associated  with  the  electro- 

magnet ic  interact ion.  

I n  summary the mean free  path  formal ism  accounts  for   the 

resul ts  obtained  here and also  explains  the  seemingly  contradictory 

resul ts   prev ious ly   obta ined i n  niobium. It also  accounts f o r   t h e  

fac t   tha t   desp i te   the   behav io r   o f   a t tenuat ions  observed  near Tc a l l  

inves t iga tors  have obtained BCS behavior  bel ow Tc/2 where the mean 

f ree   pa th   i s   p robab ly   impur i t y  1 imi t e d   f o r  a1  1 samples. The values 

obtained  for  these  energy gaps are i n  excel lent  agreement wi th  those 

measured by other  techniques. 

While  the  phonon-limi  ted mean f ree  path mechanism explains 

sm i -quan t i t a t i ve l y   a l l   o f   t he   da ta ,   f u tu re   s tud ies   ove r  a wider  range 
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of q a  values would  be desirable  t o  determine i f   quan t i t a t ive  agreement 

can be obtained. 

Magnetic Field Dependence of  the  Attenuation 

The magnetic f i e l d  dependence  of the  ultrasonic  attenuation 

i s  a function  of  temperature and Qltrasonic  frequency. In Figure 1 7 ,  

the   re la t ive   a t tenuat ion   i s   p lo t ted   aga ins t   the  reduced  applied 

magnetic field,  H / H c 2 ,  f o r  two temperatures and two frequencies. As 

indicated,  the  attenuation is a function of q a  in  the mixed s t a t e .  

Hc 2 i s  a function  of  the  magnetic  f ield  direction  relative t o  

the  propagation  direction and crystallographic  axis as discussed 

e a r l i e r .  In this  study Hc2 was measured as 3235 gauss a t  3.5"K fo r  

the  magnetic  field  parallel t o  the  [llO]  direction.  This  agrees 

with  the d a t a  reported by Tsuda and Suzuki'l f o r  niobium having 

residual   res is tance  ra t ios  of 100 t o  830. 

The Kinderz7  formulation  of  the Maki theory  predicts t h a t  the 

Maki slopes  should be a function  of  the  angle between the  magnetic 

f i e l d  and the  ultrasonic  propagation  direction. The anisotropy  in 

Hc2 must be considered i n  determining  the  anisotropy  in  the  slope. 

In this  study,  the  ultrasonic wave was propagated  along  the  [llO] 

direct ion.  The sample was positioned such t h a t  in one configuration 

the  magnetic  field was rotated always perpendicular t o  the  propagation 

direct ion.  In the  other  configuration,  the  magnetic  f ield could be 

rotated t o  posit ions  parallel  and perpendicular t o  the propagat ion  

direction.  This  lat ter  configuration was employed t o  study  the 

30 



Kinder theory which predicts a difference i n  the Maki slopes  for  the 

magnetic field  perpendicular and para l le l  t o  the propagat ion d i rec t ion .  

For the qa  values used i n  this study,  the Maki-Kinder expression  for 

the  re la t ive  a t tenuat ion  as  a function  of  magnetic  field is 

a 
where C i s  the Maki slope. In Figure  18, 1 - - 

n 
S 

VS. ( H c 2 - H )  1 /2  i s  
c1 

plot ted  for  

slope,  C y  i s  

plots  of 1 - 

longitudinal waves fo r  two d i f f e ren t  q a  values. The 

greater  for  the  higher q a  value.  Figures 19 and 20 a re  
c1 
2- versus (Hc2-H)1'2 for  the two transverse modes 
c1 n 

corresponding t o  C' and C44. Two q a  values  are  represented i n  each 

f igure.  The behavior of the  slopes  as a function of q a  i s   ident ica l  

fo r  b o t h  modes. Higher slopes were found for   the  larger  q a  values. 

The angular  dependence  of  the Maki s lopes   i s   i l lus t ra ted   in  

Figures 21 and 22 where the  plane of r o t a t i o n  is  perpendicular t o  [OOl] 

direct ion and [110] direction  respectively.  All three modes are 

i 1 lustrated  in  Figure 21. In a l l   cases ,   the   direct ion of ul t rasonic  

propagat ion i s   pa ra l l e l  t o  the  [ l lOJ  direction. For longitudinal waves, 

the  s lope  is  a minimum for  H paral le l  t o  the  [ l i- l]   direction when H i s  

rotated i n  the  [llOJ  plane. However, when H i s   ro t a t ed  in  the [OOl] 

plane,  the  slope  is maximum when H i s  along  the  [loo]  plane. T h i s  

i l l u s t r a t e s  t h a t  bo th  the  angle between H and q, along w i t h  the  direction 

of H ,  determines  the  anisotropy i n  the  slope.  This may be related t o  the 

anisotropy  observed i n  Hc2 d iscussed  ear l ier .8  The slopes  associated 

w i t h  the C'  mode exhibi t  a similar  behavior. 
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To compare the  slope w i t h  theory,27 we must use  the  data i n  

F i g .  22. In this Figure H i s  along a [llO]  type  direction when H i s  

perpendicular  or  parallel   to q .  For transverse waves  and low q a  values, 

the  slopes  are  expected  to be grea te r   for  H perpendicular  to q t h a n  when 

H i s  pa ra l l e l   t o  q. The slope is  also  expected  to peak where H i s  45" 

from q. The C '  data i n  F i g .  22 exhibi ts  this behavior  for a fixed 

value  of qa. One should  note, however, t ha t   fo r  H perpendicular  to q ,  

the q a  dependence of the  s lope,  which admittedly i s  small , i s  opposite 

t o  t h a t  of  the Maki-Kinder theory. 

For longitudinal waves, however, the  theory  predicts   that   for  

low q a  values,  the  anisotropy i n  the  slopes  should  vary i n  a manner 

s imilar  t o  the  transverse  case w i t h  the  important  exception t h a t  the 

slope  reaches a m i n i m u m  instead of a maximum value  for an angle  of 45" 

between q and H .  T h i s  m i n i m u m  predicted by the  theory i s  c lear ly  n o t  

observed  as can be seen i n  F i g .  22. .The q a  dependence on the  slope  for 

H perpendicular  to q i s  a g a i n  small b u t  does  agree w i t h  the  theory. 

Table  I1 l i s t s   t h e  Maki slopes  as a function o f  temperature, 

ultrasonic  frequency, mode, and or ientat ion.  
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T A B L E  I1  
SUMMARY OF MAKI S L O P E S  

Mode 

c L  

cL 

cL 

cL 

cL 

C '  

C '  

C '  

C' 

C' 

C '  

C '  

C '  

c44 

c44 

c44. 

c44 

c44 

c44 

" 

Sampl e 
~~ 

A 

A 

B 

B 

B 

A 

A 

A 

A 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 
" 

~~~ ~~ 
~ ~ ". 

Tern . 
(OK! 

3.5 

3.5 

3.5 

3.5 

3.5 

5.5 

5.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 
~- 

Freq. 
(MHz 1 

51 0 

51 0 

70  

70  

70 

290 

290 

290 

290 

150 

50 

50 

50 

90 

90 

90 

30 

30 

30 

.049 

.047 

-044 

.040 

.041 

.033 

.028 

.029 

.027 

-030 

.031 

.030 

.035 

.040 

.037 

.044 

.030 

.033 

.036 

H 
(gaSGs) 

3270 

3277 

31 90 

31 66 

3258 

2280 

2292 

31  35 

31  29 

3363 

3363 

3451 

3209 

3235 

3278 

31 50 

3243 

3285 

31  71 
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V e l o c i t y   o f  U1 t r a s o n i c  Waves i n  the  Normal  and 
Superconduct ing  States  o f   N iob ium 

The on ly   ex tens ive  measurements o f   t h e   s m a l l   v a r i a t i o n s   o f   t h e  

u l t r a s o n i c   v e l o c i t y  i n  niobium were made by A l e r s  and Waldorf28  using 

a modif ied  "sing-around"  technique.  This  technique,  however, i s  

e x t r e m e l y   s e n s i t i v e   t o   a t t e n u a t i o n  changes  which accompany t h e  changes 

i n   v e l o c i t y   o f   t h e   u l t r a s o n i c  wave. In   t he   p resen t   s tudy ,  a cont inuous 

wave ( cw ) technique has  been  employed. Even t h o u g h   t h e   s e n s i t i v i t y  

o f  th is   technique  decreases when t h e   a t t e n u a t i o n  o f  t h e   u l t r a s o n i c  

wave increases, it i s  a more r e 1   i a b l e  method o f  measur ing   ve loc i ty  

changes than  the  technique  used i n   t h e   p r e v i o u s   i n v e s t i g a t i o n .  

From t h e i r   s t u d y ,  A1 ers  and Wal d o r f  have reported  the  tempera- 

t u r e  dependence o f   t h e   d i f f e r e n c e   i n   t h e   m o d u l i  between  the  normal 

and superconduc t ing   s ta tes   o f   n iob ium.   Th is   d i f f e rence   i s   comp le te l y  

dominated  by  the  var iat ion o f  t h e   v e l o c i t y   i n   t h e  normal  state. L i t t l e  

i s   t h e r e f o r e  known about  the  temperature dependence o f   t h e   m o d u l i   i n  

the  superconduct ing  s ta te.  

It shou ld   a lso  be n o t e d   t h a t   t h e   c r y s t a l s  used i n   t h i s   s t u d y  

are  purer  than  those used i n   t h e   p r e v i o u s   r e p o r t .   S i n c e   t h e s e   c r y s t a l s  

have  been  annealed,  they show  no t rapped   f l ux   e f fec ts   wh ich  may g i v e  

r i s e   t o  anomalous e f f e c t s .  

Since  the  t ime o f   A l e r s  and Waldorf I s s tudy,   Bernste i  n 29,30 

has developed a theory  o f  t h e   e l e c t r o n i c   c o n t r i   b u t i  on t o   t h e  tempera- 

t u r e  dependence o f  t h e   e l a s t i c   c o n s t a n t s   i n   t h e  normal and superconducting 

s ta tes .  The r e s u l t s  o f  t h i s   i n v e s t i g a t i o n  will be  compared t o   h i s   t h e o r y .  
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F o r  these  reasons, a sys temat i c   s tudy   o f   t he  changes i n  the 

ve loc i t y   co r respond ing   t o   t he   t h ree   i ndependen t   e l   as t i c   cons tan ts  CL , 
C44, and C '  was  made i n  the  normal  and  superconducting  states  of 

niobium. 

I n   t h e  normal  state,  the  temperature dependence o f  t h e   u l t r a -  

s o n i c   v e l o c i t y ,  and  hence the  modul i  , i s  dominated  by  two  contr ibutions 

to   t he   f ree   ene rgy  o f  t h e   c r y s t a l  : (1 ) the   energy   o f   the   e lec t ron  gas 

and (2 )  t h e   l a t t i c e   e n e r g y   o f   t h e   c r y s t a l .   S i n c e   t h e   e l a s t i c   m o d u l i  

are  the second d e r i v a t i v e s  o f  the  energy  wi th   respect  t o  t h e   s t r a i n  

they a r e  e x p e c t e d   t o   e x h i b i t   t h e  same temperature dependence  as the 

f r e e  energy, 

The v a r i a t i o n   o f   t h e   f r e q u e n c y  and  hence t h e   v e l o c i t y   i n   b o t h  

the  normal  and  superconducting  states i s  shown i n  Figures 23, 24, and 

25 f o r   t h e   l o n g i t u d i n a l  and two t ransverse  modes i n  Sample B. The 

f r a c t i o n a l  change i n  t h e   e l a s t i c  modulus i s   j u s t   t w i c e   t h e   c o r r e s p o n d i n g  

f r a c t i o n a l  change i n   t h e   f r e q u e n c y .   I n   t a b l e  111, t h e   f r a c t i o n a l  change 

i n  t h e   v e l o c i t y   a s s o c i a t e d   w i t h   t h e   t h r e e   e l a s t i c   m o d u l i  a t  3 K i s  

l i s ted   a long   w i th   t he   co r respond ing  changes repo r ted  by A le rs  and 

Waldorf. It should  be  po inted  out   that   our  measurements  were made on 

several  resonance  peaks and i n  severa l   d i f fe ren t   exper imenta l   runs .  

The observed  changes  were  always w i t h i n  5% o f  each other .  As discussed 

i n  the  Appendix ,   leakage  s ignals   can  lead  to   apparent   ve loc i ty   sh i f ts  

which  are  opposi te i n   s i g n  on alternate  resonance  peaks. Our data, 

however, i s   f e l t   t o  have n e g l i g i b l e   s h i f t s  due t o   l e a k a g e   a t  10 MHz 

because o f   i t s   r e p r o d u c i b i l i t y  from r u n   t o   r u n .  
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Table I11 

Summary o f  f ract ional   veloci ty  changes i n  Nb i n  Sample B 

Mode 

1 c44 

Temperature  Frequency 

3.0 K I 10 MHz 

‘0” 30 MHz 

3.0 K 10 MHz 

3.0 K 1 10 MHz 

T Af 
f ( P P d  

- Af (Alers a n d  
f Wal dorf28) 

21.2 f .5 1 2  

18.8 f .5 Not reported 

26.0 f .5 9 

721 2 65 

Discontinuity i n  the b u l k  modulus (B) a t  T = Tc A B  

Alers and Wal dorfZ8 

Present  Study 

Theoretical  Prediction  (Ref. 24) 

.7 x 

1 . 2  x 

2.8 x - 7.8 x 

I 

I 
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The changes i n  t h e   v e l o c i t y  between  the  normal  and  superconducting 

s t a t e s  were a l s o  measured  on a second s i n g l e   c r y s t a l  (Sample C )  which 

had a mean f r e e   p a t h   e s t i m a t e d   t o   b e   t h r e e   t i m e s   l a r g e r   t h a n   t h a t   o f  

Sample B. The observed changes  were found   to  be i n  agreement w i t h   t h e  

da ta   repor ted   fo r  Sample B i n  Table 111. V e l o c i t y  measurements  were 

a l s o  made a t  30 MHz and the  observed  changes  were  substantial ly  the 

same as tha t   obse rved   a t   10  MHz. S i n c e   t h e   a t t e n u a t i o n   i s   n i n e   t i m e s  

l a r g e r   a t  30 MHz and therefore  the  leakage  s ignal   should  a lso be l a r g e r ,  

the  30 MHz data i s   n o t  as  accurate as t h a t   o b t a i n e d   a t  10 MHz. Never- 

the less,   the  observed  changes  appear   to   be  independent   o f   the  u l t rasonic  

frequency and e l e c t r o n  mean f ree   pa ths  used i n   t h i s   s t u d y .  

As seen i n  Table 111, the  changes o f   t h e   v e l o c i t y   i n   t h i s  

i n v e s t i g a t i o n   a r e   n e a r l y   t w i c e   t h o s e   o b t a i n e d   b y   A l e r s  and Waldorf.  

This  d iscrepancy i s  p robab ly   assoc ia ted   w i th   the   accuracy   o f   the  

techniques  employed. 

o f  Tc 

t o  be 

which 

While 

I n   F i g u r e  26, t h e   v a r i a t i o n   o f   t h e   f r e q u e n c y   i n   t h e   v i c i n i t y  

f o r   l o n g i t u d i n a l  waves i s  shown. A d i s c o n t i n u i t y   a t  Tc appears 

present.  The magnitude o f   t h i s   d i s c o n t i n u i t y   i s   a b o u t   0 . 4  ppm 

corresponds t o  a d i s c o n t i n u i t y   i n   t h e   b u l k  modulus o f  1.2 ppm. 

one expects a d i s c o n t i n u i t y   i n   t h e   l o n g i t u d i n a l   v e l o c i t y   a t  Tc 

because o f   t h e  second order  phase  change  associated  with  the  normal 

t o   superconduc t ing   t rans i t i on ,   t he   magn i tude   o f   t he   d i scon t inu i t y ,  

w h i l e   l a r g e r   t h a n   t h a t   o b s e r v e d   b y   A l e r s ,   i s   s t i l l  a f a c t o r   o f  two 

smal le r   than one wou ld   expec t   f rom  the   re la t i on  
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AB/B = 4nB(aHc/aP)  
T 

T h i s  expression has been 

values  for  the v a r i a t i o n  

Gardner and Smi t h . 3 1  I t  

evaluated and l i s t e d  i n  Table  I11  using  the 

of c r i t i c a l   f i e l d  w i t h  pressure  l is ted by 

is quite  possible t h a t  this discrepancy i s  

a function o f  sample pu r i ty   s ince   t he   c r i t i ca l   f i e ld  i s  known t o  be 

very sens i t ive  t o  impurities.”  Considering  the  small  magnitude  of the 

discont inui ty  and the  temperature  control needed t o  accurately  determine 

the  discontinuity  the  agreement wi t h  the thermodynamic  re1 a t i  onsh ip  

above is  considered  satisfactory.  

The measurements i n  the normal s t a t e  shown in  Figures  23, 24, 

and 25 were made i n  a magnetic f i e l d  of a b o u t  4 kilogauss  for  temper- 

atures below Tc/2.  Between Tc/2  and T c ,  the  strength of the  magnetic 

f i e l d  was decreased somewhat b u t  s t i l l  was greater  t h a n  Hc2 f o r  t h a t  

particular  temperature. No substant ia l   var ia t ion of the  velocity w i t h  

magnetic f i e l d  was observed  in this  temperature  region. A t  the  lower 

temperatures and l a rge r   f i e lds ,  however, a small  dependence o f  the 

velocity w i t h  magnetic f i e l d  was detected. 

As mentioned earlier,   the  temperature dependence of the moduli 

i s  expected t o  be the same as  the  free  energy. In the normal s t a t e ,  

the  energy of the  electron gas is   proportional t o  T and the  energy o f  

t he   l a t t i ce  i n  the Debye region is  proportional t o  T . Therefore, one 

can write 

2 

4 

C = Co(l - aT2 - BT ) 4 
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where Co is  the  value  of  the modulus in  the normal s t a t e  a t  T = 0 and 

cx and B are   coef f ic ien ts   re la ted   to   the   e lec t ron  and  phonon terms 

respectively.  While d a t a  was obtained  for  al l   three modes, the most 

extensive measurements were made fo r  C44 since  the  largest  changes 

were observed for  this mode. 

In Figure 27, the  frequency  changes i n  the normal s t a t e   r e l a t i v e  

t o  T = 0 K are   plot ted  for   the C44 mode versus  temperature for Sample B. 

The dotted  curve is  w h a t  one obtains  if   only  the T term were present. 

In Table IV, the  values of CI and B obtained from the normal s t a t e  

measurements are  shown for each o f  the  three  moduli. The corresponding 

values  determined by A1 e r s  and Waldorf are 1 i s ted  for  comparison. I t  

will be noted t h a t  i n  Figure 25 for the C44 mode, the phonon term  has 

been subtracted  off  by using  the d a t a  i n  Table IV so t h a t  the va r i a t ion  

of the  velocity  attr ibutable  only t o  the  electrons has been obtained. 

I t  has been assumed t h a t  the phonon term i s   t h e  same i n  the normal and 

superconducting  states. The temperature  dependence o f  the  difference 

in  the  moduli, o r  equivalently  the  velocity,  between the  superconducting 

and normal s t a t e s  can be seen t o  be dominated by the normal s t a t e  

changes f o r  temperatures below 1/2  Tc. T h a t  i s ,  below 1/2 Tc the 

difference  in  the  velocity is  also  proportional t o  T . This i s  

consistent w i t h  the  predictions of Bernstein and a l so  with  the d a t a  of  

Alers and Waldorf. For this mode large enough changes were observed  in 

the  superconducting s t a t e  t o  s tudy  the  temperature  dependence of the 

velocity.  The actual d a t a  for the  superconducting s t a t e  is  presented 

i n  Table V .  

2 

2 
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Table IV 

Coefficients* a and B 

~~~ 

Sample Mode a B 

I 

C '  1.8 x 3.02 x 

B c44 20 x 2.12 x 

~1 (Alers) I 

2.3 x 10-7 1 
12.8 x 

*All numbers a r e  known t o  w i t h i n  10% 
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Table V 

Tabulation of Superconducting  velocity  data 
f o r  C44 mode i n  Sample B. (Tc = 9.415 K) 

- 
Temperature (OK) 

2.00 2 .02 K 

4.16 

4.37 

4.80 

4.88 

5.11 

5.52 

6.04 

6.50 

7.00 

7.50 

8.00 

8.51 

9.00 

9.235 2 .005 K 

9.26 

9.28 

9.31 

9.33 

9.41 

Frequency (Hz) 

10,070,247 f 5 Hz 

27 0 

27 6 

290 

294 

303 

322 

348 

374 

409 

444 

48  2 

5 23 

566 

589 

591 

594 

597 

6 00 

61  1 

4 1  



By analogy  wi th   the  normal   s ta te,  one e x p e c t s   t h a t   t h e   v e l o c i t y  

i n   t h e   s u p e r c o n d u c t i n g   s t a t e   s h o u l d  have t h e  same temperature  dependence 

as the  f ree  energy i n   t he   superconduc t ing   s ta te .   Un fo r tuna te l y  no 

s imp le   exp ress ion   f o r   t he   f ree   ene rgy   ex i s t s   excep t   nea r  T = 0 K. 

Furthermore,  Bernstein i s  concerned  only  wi th  the  temperature dependence 

o f   t h e   d i f f e r e n c e   i n   t h e   m o d u l i   i n   t h e  normal and superconducting 

s t a t e  and in   pa r t i cu la r   f o r   t empera tu res   be low  1 /2  Tc. The temperature 

dependence o f   t h e   f r e e   e n e r g y   i s  however g i v e n   i n   t a b u l a r   f o r m   b y  

Muhl sch legel  .32 This  temperature dependence i s  shown by  the  dot ted 

l i n e   i n   F i g u r e  28. It can be  seen t h a t   f o r  Tc/T> 1 .5   ( t< .7 ) ,   the   da ta  

i s   qu i te   l i nea r .   Th i s   i nd i ca tes   t ha t   t he   dominan t   t empera tu re   dependen t  

term i n   t h e   f r e e  energy i s  an exponent ia l .  Near T = 0, Muhlschlegel  

g ives   the   fo l low ing   express ion   fo r   the   f ree   energy   in   the   superconduct ing  

s t a t e :  

I n   t h i s   e x p r e s s i o n  F i s   t h e   f r e e  energy and Cn i s   t h e   s p e c i f i c   h e a t   i n  

the  normal  state.   This  equat ion i s   c l e a r l y   n o t   v a l i d   f o r  t >.4 s ince  

the  energy gap i s  temperature  dependent  for b . 4  and goes t o   z e r o   a t  

Tc. The v a r i a t i o n   o f   t h e   u l t r a s o n i c   v e l o c i t y   i n   t h e   s u p e r c o n d u c t i n g  

s ta te   us ing   t he   da ta  shown i n  Table V, c o r r e c t e d   f o r   t h e  phonon c o n t r i -  

bu t i on  as shown i n   F i g u r e  25, i s   a l s o   p l o t t e d   i n   F i g u r e  28. It can  be 

seen tha t   the   tempera ture  dependence c lose ly   f o l l ows   t he   f ree   ene rgy  

temperature dependence. The slope o f  t he  two l i n e s   a g r e e   w i t h  one 

a n o t h e r   t o   w i t h i n  10%. It should be noted  that   the  exper imenta l   s lope 

is q u i t e   s e n s i t i v e   t o   e r r o r s   i n  fSO, the  frequency i n   t he   superconduc t ing  
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s t a t e   a t  T = 0 K. Since  the  slope  of  the  theoretical  curve may be 

sensi t ive  to   t runcat ion  errors  i n  the tabulated  data,   the  velocity 

of C44 waves is therefore  considered t o  have the same temperature 

dependence w i t h i n  experimental  error  as  the  free  energy  in the 

superconducting  state. 

Because the f r ee  energy has a  complicated  temperature  dependence 

over the entire  temperature  region below T i t  i s   d i f f i c u l t  t o  withdraw 

an energy gap from the  data. This is  analagous t o  the  variation of 

the  specific  heat i n  the superconducting  state which can n o t  be 

related t o  e - A / k T  over  the entire  temperature  range.  Since  the C44 

velocity d a t a  does, however, closely  follow  the BCS free  energy, one 

can assume that  the  zero  temperature  energy  gap,  if i t  can be extracted 

from the  experimental  data, must be close  to   a  BCS value of 1.76 kTc. 

This would be i n  agreement  with  the  values  obtained d i r ec t ly  by 

attenuation measurements and from other methods in n iobium.  

C ’  

As pointed o u t  previously,  the  temperature dependence of  the 

difference of the moduli i s  i n  agreement w i t h  the  theory o f  Bernstein. 

The magnitude  of the  observed  changes a re  however la rger  t h a n  his 

calculated  values. For the two shear moduli a t  3 K the experimental 

value of A C ~ ~  and A C ’  i n  u n i t s  of 10 dynes/cm are  7.50 and 3.25. 

The corresponding  values 1 is ted by Bernstein  are 4.84 and 2.42. 

Since  the  theory  derives  the change i n  terms of der ivat ives  of the 

energy gap as a  function  of  strain  expressed i n  terms of the  density 

7 2 

of s t a t e s ,  a  deta i l ed  comparison t o  i t  requires  a know 
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Fermi  surface o f   n i o b i u m   w h i c h   a t   t h e   p r e s e n t   t i m e   i s   n o t   w e l l  known. 

It i s   c l e a r ,  however, t h a t   t h e   c a l c u l a t e d  changes a r e   t h e   c o r r e c t   o r d e r  

o f  magnitude and e x h i b i t   t h e   c o r r e c t   t e m p e r a t u r e  dependence. The 

v e l o c i t y  measurements there fore   can  be u s e f u l   i n   p r o v i d i n g   i n f o r m a t i o n  

about  the  Fermi  surface. 

Some measurements o f   t h e   v e l o c i t y  were a l s o  made i n  the  mixed 

s ta te .  As an i n d i c a t i o n   o f   t h e   s e n s i t i v i t y   o f   t h i s   t e c h n i q u e ,   t h e  

va lues   o f  H and t h e   a n i s o t r o p y   i n  Hc obtained  f rom  these measurements 

a r e   i n   e x c e l l e n t  agreement w i th   the   cor respond ing   resu l ts   ob ta ined  f rom 

t h e   a t t e n u a t i o n  measurements. 

c2 2 

The cw technique  employed t o  measure t h e   v e l o c i t y  changes 

can a l s o  be  used t o  measure sma l l   a t tenua t ion  changes. The w i d t h   o f  

the   resonance  l ines  can b e   r e l a t e d   t o   t h e   a t t e n u a t i o n   p r e s e n t .  To 

determine  the  magnitude o f   t h e   a t t e n u a t i o n ,   t h e   l i n e w i d t h   o f   t h e  

resonance  peaks  must  be  measured. A complete  development o f   t h e  

dependence o f   t h e   s t r e n g t h   o f   t h e   r e s o n a n c e   l i n e  as a f u n c t i o n   o f  

frequency and a t t e n u a t i o n   b o t h   i n   t h e  absence and presence o f  a 

leakage  s ignal  i s  g iven  i n  the  Appendix. I n   t h e  absence o f  leakage, 

t h e   o u t p u t   v o l t a g e   i s  shown t o  be 

The resonance  peaks  occur  whenever 2 qa = n r  so t h a t   a t  resonance ER 

will be a maximum, The resonances  are  separated  by a frequency f which 

i s  determined  by  the sample l e n g t h  and v e l o c i t y .  The above  expression 

has  been  programed by Carome and Fri t ~ c h ~ ~  t o   o b t a i n   d i r e c t l y  a p l o t  
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of  the  attenuation  versus 7 Af1/2 , where Af i s   the   d i f fe rence  between 

the  center  frequency, fo ,  and the  frequency where the   l i ne  has a value 

equal  to  1/2 i t s  maximum value. T h u s  i f  one measures ER a t   t h e  

frequencies  for which ER is equal  to  1/2 i t s  maximum value,  Aflj2 can 

be found and hence the  attenuation can be determined. 

1 /2 

The resonance lines i n  the  superconducting and  normal s t a t e s  

a t  4 K and 10 MHz are  shown i n  Figures 29 and 30. In the  superconducting 

s t a t e  where as = 0 ,  the l i n e  is quite  sharp and AflI2 = 250 Hz. For 

this sample f is 100 KHz. In the normal s t a t e   a f 1 / 2  C* 1100 Hz. From 

the  plot  i n  Figure 3 of  reference 33 a change i n  at tenuation of 0.16 

dB/cm is  obtained a t  10 MHz. T h i s  at tenuation change agrees  quite 

well w i t h  at tenuation measurements made  by the  ultrasonic  pulse echo 

technique a t  higher  ultrasonic  frequencies and extrapolated  to 10 MHz. 

The advantage  of  the cw technique is  the   g rea te r   sens i t iv i ty  and 

much more accurate  determination  of  the  ultrasonic  frequency. T h i s  

measurement also  indicates  the  excellent  internal  consistency o f  

the cw method and provides  further  evidence  for  the  reliabil i ty 

i n  the  analysis o f  the  resonance  technique used to  obtain  the  velocity 

data . 
In  conclusion  then,  the  temperature  dependence  of  the  velocity 

i n  both the normal and superconducting  states of niobium has been 

determined. The changes measured are  larger  than  previously  reported 

and i n  addition  the  temperature dependence of the  velocity i n  the 

superconducting s t a t e  has been found to  closely  follow  the  temperature 

dependence  of the  free  energy from the BCS theory. 
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These velocity measurements may also  provide  additional  infor- 

mation abou t  the phase t r a n s i t i o n  a t  T = Tc and should be useful i n  

providing  information  about  the Fermi surface and the strain dependence 

of c r i t i c a l   f i e l d  and crit ical   temperature.  

The attenuation measurements made w i t h  the  cw techniqGe a lso  

are  quite  useful  for  studying  attenuation  at  low ultrasonic  frequencies 

where the  attenuation is  small and can be a valuable  technique  for 

studying  attenuation  changes i n  superconducting  alloys where small 

attenuation changes are  expected t o  occur. 
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APPENDIX 

The magnitude  of velocity shifts as a resu l t   o f  a change i n  

magnetic field  or  temperature  has been observed t o   d i f f e r  depending 

on the  resonance  peak;  that i s ,   t he   ve loc i ty   sh i f t  observed on one 

resonance peak was found t o   d i f f e r  from the  velocity  shift   observed 

on an adjacent  resonance peak. The difference i n  the  velocity 

s h i f t s  was correlated t o  the amount of electrical   leakage  signal.  

If   the 1 eakage  signal was large,   the  difference was found t o  be 

large;  and occasionally  the  algebraic s i g n  of   the  veloci ty   shif ts  

were opposite.  If  the  leakage was small ,   the   resul ts  from adjacent 

peaks were nearly  identical .  

Yee and Gavenda16 have reported  similar  effects.  They 

explain  that  this anomalous behavior i s  caused by an interact ion 

between the  e lectr ical   s ignal  produced by the  quartz  transducer from 

the  acoustic  signals and  the  electrical   leakage  signal.  The reason 

for   the anomalous veloci ty   resul ts  i s  that  the  amplitude and the 

velocity of the  acoustic  signal changes  as a function  of  magnetic 

f i e l d  o r  temperature. The output  of  the  detector i s  a result   of  the 

phase and amplitude  of  the  acoustic-electric  signal and  the  leakage 

signal.  Since  the  adjacent  resonance peaks a re  a r e s u l t  of even and 



odd  number of  half  wave lengths,   the  acoustic-electric  signal  changes 

phase on adjacent peaks. Hence, different   resul ts   are   obtained on 

adjacent  peaks. 

Following Yee and Gavanda, the  total   received  e lectr ical   s ignal  

i s  composed  of  an electrical   leakage  signal Ecei'  and the  acoustic- 

e lectr ical   s ignal  Ea where the  phase  angle  refers t o  the  t ransmit ter  

s i g n a l .  The acoustic-electrical   signal may be expressed a s :  

Ea = Eo c [e m (iq-a)L 
m=O 

where c1 i s  the  energy  attenuation  coefficient and m i s  the number o f  

round trips of the  acoustic  signal  through  the  sample, Ea may be 

expressed as: 

E a = E e  (iq-a)L [e ( ' i2q-2a)~ ,  m 
0 m=O 

The Sum may  be expressed  as a geometric  series so t h a t  Ea may be 

writ ten : 
e 

1 -e 

( iq-a)  L 

( i  2 q - h )  L 
E = Eo a 

o r  

e iqL ,-aL 

1-e  (cos 2qL + i sin 2qL) 
Ea = Eo -2aL 

E-e -aL 
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The total   received  e lectr ical   s ignal  is: 

= E e i +  + E, 
C 

The  power delivered  to  the  receiver is proportional t o :  

2 

 C COS^ ~ C X L - C O S  2qL) 
IEa12 = EO 

so 

2 Eo 2 + 2EoEc[e aL cos ( +-qL)-e-OLcos ( + + q L ) ]  
I E R I 2  = Ec + ~ ~ i . . .  - _  ~ (A-7 1 

 C COS^ ~ ~ L - c o s  2qL) 

The above expression is  exact .   This   differs   s l ight ly  from Yee and 

Gavenda's  expression which i s  believed t o  contain  errors.  

If E, = 0, 

+2 

Maxima occur a t  q L  = nn or  L = n x / 2  as  expected. 

Consider an apparent   sh i f t  i n  resonance, q L ,  caused by Ec.  

Let 6 = qL-na 

so 
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where + corresponds t o  an even n and - corresponds t o  an odd n .  The 

amp1 i tude of the a1 ternate  resonances  differ  according t o  the  magnitude 

of Ec. Note t h a t  when the  frequency is   adjusted t o  a value between 

resonances,  the amount of coupling may be judged by: 

2 2  
IERI Ec 

EO 

"- - 

E: 
2 

(A-1 0)  

To find  the new apparent  resonances,  the above expression i s  

maximized. 

2 
- ( T I  d IER1 = 0 
d 6  Eo 

(A-1 1 ) 

(cosh ~ ~ L - c o s  2 6 ) ( +  2Ec  +e aL ~ i n ( + - a ) + e - " ~ s i n ( + + s ) ] )  
EO 

Note t h a t  6 ,  the   apparent   shif t ,   i s  a function of attenuation 

which i s  magnetic f i e l d  and temperature  dependent. 

For 6 = 0 or TT, 6 = 0 and 

2 
EO EO 4sinh '~L Eosinh ctL 

(A-12) 

(A-1 3 )  

Note t h a t  t h e r e   i s  no phase s h i f t ,  b u t  the  amplitude on adjacent peaks 

i s   d i f f e r e n t .  

50 



1-[1+(16E,/E,)(cosh2aL 2 2  s i n h  2 aL)]  1/2 
s i n  6= r L U  (A-1 4 I 

(4EC/Eo)c0sh aL 

1+[1+(16E,/Eo)(~~~h2aL 2 2  s i n h  2 aL) ]   1 /2  

8s inh  aL 
and "- lERl  E; + 

- 
2 2 (A-1 5) 

EO EO 

Note t h a t   t h e  phase s h i f t   d i f f e r s   i n   s i g n  on  adjacent  peaks,  but   the 

ampl i tude i s  constant  regardless  of  the  resonance  peak. Phase angles 

between - ~ / 2  and ~ / 2  produce  vary ing  degrees  o f   phase  sh i f t  and 

ampl i tude  d i f fe rences  between  adjacent  peaks. 

The t o t a l  change i n   v e l o c i t y  can  be w r i t t e n  as a r e a l  change 

dependent  on  magnetic f i e l d   o r   t e m p e r a t u r e  and  an apparent change 

dependent on the  magnitude and  phase ang le   o f   t he   l eakage   s igna l .  

The apparent change may be expressed as 

("> AV = ("> A f  = - 6 

" A  f A nT 

(A-1 6 )  

(A-1 7 )  

I n   o r d e r   t o   e l i m i n a t e  anomalous e f f e c t s  due to   apparen t  phase 

s h i f t s ,   t h e  magni  tude o f   the   leakage  s igna l   must  be  reduced o r   t h e  

phase  angle  ad justed  to  0 o r  T .  S i n c e   t h e   l a t t e r   i s   d i f f i c u l t   t o  

measure o r  achieve,  precautions  were  taken  to  reduce  the  ampli tude o f  

the   coup led   s igna l   to   less   than 2 p e r   c e n t   o f   t h e   e l e c t r i c a l   s i g n a l  on 

the  resonance  peak. I n   o r d e r   t o   d e t e r m i n e   t h e   r e a l  phase sh i f t ,   da ta  

from  adjacent  peaks was averaged. It i s   i n t e r e s t i n g   t o   n o t e   t h a t ,  
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wi th in   exper imen ta l   t o le rances ,   da ta   f rom  a l l  odd n peaks was t h e  same. 

Data  from a l l  even n peaks was the  same though  d i f fe ren t  from the   da ta  

f rom odd n peaks. 
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Magnetization 
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/ I  
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I I  
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Hc1  HC  Hc 2 

‘ I  I ,  

H 

A t t e n u a t i o n  

H 

Figure 1 .  (a)  Magnetization vs. applied  magnetic f ie ld  and (b )  

at tenuat ion vs. applied  magnetic  f ield  for  a  type 

I1  superconductor. 
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Figure  2. A n i s o t r o p y   o f  Hc2 as  a f u n c t i o n   o f   t h e   d i r e c t i o n   o f  

a p p l i e d   m a g n e t i c   f i e l d   f o r   s h e a r  wave propagat ion  

i n  [JJO] and p o l a r i z e d  i n  [lTO] i n  Nb a t  4.5"K. 

(Reproduced  from a master ' s   thes is   (1969)  by T. C.  

S l o t w i n s k i ) .  

56 



C o n s t a n t  

C u r r e n t  

S u p p l y  ""_ "L 

M a g n  e t 

s w e e p  
4 I 

G e n e r a t o r  

I 

1 

I 
Tuning Stubs 

1 - P u l s e d   B a l a n c e d  6 0  M H z  
O s c i l l a t o r  1 C r y s t a l  

M i x e r  

- 
i. f. A m p .  

r 

0 
Y A x i s  

H e w l e t t  

P a c k a r d  

s c o p e  

l o c a l  

O s c i l l a t o r  

I P h a s e  
S e n s i t i v e  

D e t e c t  o r  

Harvey  Wells 
Cycle   Cycle   Every  Receiver  Reference 

A B Cycle  Blanking - 
T r i g g e r s  I 

- 

"L-. 
P u l s e  

C o m p a r a t o r  

S e q u e n t i a l   C a l i   n g   l o g ;  c C i r c u i t  - J 
X Y  

R e c o r d e r  
Y Axis  * 

Figure 3.  Block diagram o f  pulse-echo system. 
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Figure 9. Log an vs.  log f for   t ransverse (C44)  waves along  the [llO] 

d i r e c t i o n   i n  Nb. Data i s  from Sample A and was taken a t  

T = 3 .O"K.  Sol id  1 i n e  shows f dependence. 2 
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Figure 28. ?he f r a c t i o n a l  change of   the   f requency  in   the   superconduct ing 

s t a t e ,  , vs.  Tc/T i n  Sample B .  The d o t t e d   l i n e  shows 

the  temperature dependence o f   t h e   f r e e   e n e r g y   g i v e n  by 

Reference 32 as  a   funct ion  of   Tc/T.  
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Figure 29. Detector o u t p u t  (arbitrary  scale) vs. frequency i n  the 

superconducting state  for C44 transverse waves in Sample 

B a t  4 K. 
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